2+ homeostasis and BBB damage have been implicated in the pathogenesis of Alzheimer disease (AD). Although receptor for advanced glycation end products (RAGE) is known to mediate Aβ transcytosis across the BBB, molecular mechanisms underlying Aβ-RAGE interaction-induced BBB alterations are largely unknown. We found enhanced permeability, decreased zonula occludin-1 (ZO-1) expression and increased intracellular calcium and MMP secretion in endothelial cells exposed to Aβ 1-42 . Aβ-induced changes in ZO-1 were attenuated by neutralizing antibodies against RAGE and inhibitors of calcineurin (CaN) and MMPs, suggesting that Aβ-RAGE interactions disrupt tight junction proteins via the Ca 2+ -CaN pathway. We also found disrupted microvessels near Aβ plaque-deposited areas, elevated RAGE expression and enhanced MMP secretion in microvessels of the brains of 5XFAD mice, an animal model of AD. These results identify a potential molecular pathway underlying Aβ-RAGE interaction-induced breakage of BBB integrity.
B lood-brain barrier (BBB) regulates transport of various molecules and maintains brain homeostasis. Perturbed intracellular Ca
2+ homeostasis and BBB damage have been implicated in the pathogenesis of Alzheimer disease (AD). Although receptor for advanced glycation end products (RAGE) is known to mediate Aβ transcytosis across the BBB, molecular mechanisms underlying Aβ-RAGE interaction-induced BBB alterations are largely unknown. We found enhanced permeability, decreased zonula occludin-1 (ZO-1) expression and increased intracellular calcium and MMP secretion in endothelial cells exposed to Aβ . Aβ-induced changes in ZO-1 were attenuated by neutralizing antibodies against RAGE and inhibitors of calcineurin (CaN) and MMPs, suggesting that Aβ-RAGE interactions disrupt tight junction proteins via the Ca 2+ -CaN pathway. We also found disrupted microvessels near Aβ plaque-deposited areas, elevated RAGE expression and enhanced MMP secretion in microvessels of the brains of 5XFAD mice, an animal model of AD. These results identify a potential molecular pathway underlying Aβ-RAGE interaction-induced breakage of BBB integrity.
Alzheimer disease (AD) is a progressive neurodegenerative disorder characterized by the accumulation of amyloid β-peptide (Aβ) in the central nervous system (CNS), the presence of hyperphosphorylated tau filaments and cerebrovascular changes that lead to cerebral amyloid angiopathy (CAA). 1, 2 The accumulation of Aβ peptides is believed to be an early and causative event in cerebrovascular alterations. 3 Previous reports have shown that alteration of microvascular permeability and disruption of the BBB are detected in the brains of AD subjects and are the major event of AD. 4, 5 Yet, the deposition of Aβ aggregates in cerebral blood vessels and the brain is poorly understood, and the mechanisms that underlie the response to changes in permeability are not clear.
Disruption of blood brain barrier in Alzheimer disease pathogenesis
The blood brain barrier (BBB) is a specialized barrier that controls the transport of various molecules and maintains the integrity of brain by restricting permeability across brain endothelium. 6 Tight junctions (TJs) between endothelial cells in brain capillaries are the most important structural elements of the BBB. As a component of the TJ, zonula occluden protein-1 (ZO-1) was initially identified in the BBB and associated with TJ integrity. 7 ZO-1 is a peripheral membrane protein that localizes along blood vessels to form the BBB in the brain parenchyma. ZO-1 binds directly to a wide variety of cellular proteins, such as occludin and claudins in vitro, 8 and orchestrates the formation of TJ complexes. Because ZO-1 is sufficient to mitigate alterations in TJ integrity, we examined Aβ-induced structural changes in ZO-1.
BBB regulates the entry of plasmaderived Aβ into the CNS and clears brain-derived Aβ through the receptor for advanced glycation end products (RAGE) and low-density lipoprotein receptorrelated protein (LRP), respectively. [9] [10] [11] In previous reports, AD patients or AD mouse models showed increased levels of free Aβ in plasma. 12, 13 Through these important clues, we suggest that Aβ may disrupt the TJ of BBB via interaction with RAGE as a specific mediator. It has been known that calcium influx is induced by Aβ in the cells, 14, 15 and the elevated old and behavioral abnormality at six to eight months old. 29 By confocal microscopy and the super-resolution Structured Illumination Microscopy (SIM, Nikon), we observed that cerebral capillaries of 5XFAD mice were more disconnected and damaged near the deposited area of amyloid plaques while littermates showed a whole, enclosed thick and strong vessel. At the same time, RAGE expression in cerebral capillaries were upregulated in 5XFAD mouse brains, suggesting that the increased Aβ-RAGE interactions could amplify TJ alterations in BBB as confirmed in bEnd.3 cells. Disrupted BBB passes many toxic molecules including Aβ itself, following acceleration of neuronal cell death in the brain. In addition, EM study showed alterations in TJ morphology from 5XFAD mouse brains. This result supports a possibility of BBB breakdown in AD brains. Although we did not perform the experiments with FK506 or GM6001-injected 5XFAD mice, we performed only one dose (5 mg/ kg) IP injection with FK506 in three mice for two months (every two day injection) as a preliminary experiment. We could find the tendency of increase of GLUT-1 protein level by FK506 treated mice compared with vehicle injected mice. We need to perform these experiments with various doses and more mice samples with a long-term experimental plan as a following paper. Previous reports demonstrated amyloid plaque burden is reduced in FK506-injected APPswe/PS1dE9 mouse brain and GM6001 reduces oxidative stress associated CAA in the same animal model. 22, 30 Taken together, these results indicate that Aβ 1-42 treatment induces RAGE expression and that the interaction between Aβ and RAGE triggers an intracellular signaling cascade that disrupts TJs, leading to breakdown of BBB integrity. We confirmed that Aβ-induced TJ breakdown occurred by monitoring increases in intracellular calcium, CaN and MMPs using potent inhibitors. Furthermore, BBB disruption was confirmed in vivo AD animal model. On the basis of these results, we conclude that the Aβ-RAGE-CaN-MMP cascade (Fig. 1) is an important mechanism of BBB disruption and AD pathogenesis and an excellent target for treating AD.
reports suggest that Aβ induced cell death on human and rat cerebral endothelial cells, 19, 20 cell death was unaffected by Aβ in this culture system. Since unaltered morphology of cells in Aβ-treated group, which is comparable to vehicle (DMSO)-treated group was observed, we think that integrity of cytoskeletal proteins such as ZO-1, occludin and claudin-5 are altered under this situation without affecting cell death.
GM6001 is known to prevent the conversion of pro-MMPs to active forms of matrix-degrading MMPs. 21 FK506, which is widely used to prevent a CaN upregulation by Aβ, reduces the accumulation of Aβ and mitigates gliosis and CaN activity in the brain of APP/PS1 mouse model of AD. 22 Little is known about the effect of GM6001 and FK506 on Aβ-induced alteration of TJs and BBB permeability. Importantly, both GM6001 and FK506 declined Aβ-induced ZO-1 alteration and BBB permeability, suggesting that both CaN and MMPs are able to influence BBB maintenance. When we analyzed an altered ZO-1 distribution by immunostaining with ZO-1 specific antibody, both GM6001 and FK506 increased the stability of TJs in Aβ-treated cells. Earlier studies have established the role of calcium in maintaining the normal TJ morphology. 17, 23 Aβ induces intracellular Ca 2+ -CaN signaling in the cells 24, 25 and disrupted calcium homeostasis has been reported in the brains of AD patients. 26 Therefore, it is possible that effects of FK506 and altered ZO-1 distribution by Aβ have a causal relationship. Several lines of evidence, including our previous report, have shown that RAGE levels rise with age in rodents and humans. 18, 27 Furthermore, RAGE expression in neurons and microvascular endothelial cells in human brain is increased on treatment with Aβ. 18, 28 The present study demonstrated that Aβ 1-42 decreased ZO-1 levels in full-length human RAGE-overexpressing bEnd.3 cells to a greater extent than control cells, suggesting that RAGE mediates Aβ 1-42 -induced changes in ZO-1 localization and protein level.
To confirm these data in animal model of AD, we used 5XFAD mice which show massive Aβ accumulation in the brain with neuronal loss at two months intracellular calcium leads to alteration of TJs as well as induction of matrix metalloproteinases (MMPs) expression. 16, 17 In this study, using neutralizing anti-RAGE and specific inhibitors of calcineurin (CaN) and MMPs, we found that Aβ-induced TJ disruptions are mediated by RAGE via intracellular Ca 2+ -CaN signaling and MMP secretion. In addition, we found that alterations of cerebral capillaries, RAGE expression and TJ structural changes have a causal relationship in 5XFAD mouse brains, AD animal model.
To assess the mechanisms by which Aβ 
